Summary. We report a naturally occurring human astrovirus (HAstV) strain detected in two different geographic locations. We identified two isolates of this strain in a diarrhea outbreak at a child care center in Houston, Texas; and two isolates in diarrhea stool samples from two children in Mexico City. All four isolates were detected in stool samples by enzyme immunoassay (EIA). One of the Mexican isolates was typed by EIA and all four isolates were HAstV-5 by typing RT-PCR. The four isolates were >97% nucleotide-identical in two different genomic regions: ORF1a (246nt), and the 3 end of the genome (471nt). One isolate from each geographic location was further sequenced in the transition region from ORF1b to ORF2 (1255nt) and this region of the two isolates showed ≥ 99% nt identity. Phylogenetic analyses of sequences of eight HAstV antigenic types and the novel strain in the transition region demonstrated the new strain being closely related to HAstV-3 in ORF1b, but closest to HAstV-5 in ORF2. These results and high sequence identity among all HAstV antigenic types in the transition region and RNA structural predictions supported a potential recombination site at the ORF1b/ORF2 junction. This is the first evidence that recombination occurs among human astroviruses.
Introduction
Astroviruses (AstVs) contain a single-stranded, positive-sense RNA (+ssRNA) genome approximately 6,800 nucleotides (nt) long. The genome includes three open reading frames: ORF1a, ORF1b, and ORF2 ( Fig. 1) [6, 13] . ORF1a and 1b encode non-structural proteins, including a serine protease (Pro) and RNAdependent RNA polymerase (Pol), respectively, and these regions contain sequences highly conserved among AstVs. ORF2 encodes the capsid protein and is highly variable at the 3 end. The family Astroviridae is distinguished from other virus families that are not enveloped and have ssRNA genomes, such as Picornaviridae and Caliciviridae, by the presence of ribosomal frameshifting between ORF1a and ORF1b and the lack of the helicase domain [6] . However, AstVs contain eight characteristic amino acid motifs in the Pol region (e.g. YGDD) typical of +ssRNA virus polymerases, indicating that astrovirus Pol belongs to supergroup I polymerases, which includes the Pol enzyme of picornaviruses, caliciviruses, potyviruses and several other plant viruses [6] . +ssRNA plant viruses also share similarities with human astroviruses (HAstVs), such as the substitution of the catalytic cysteine with serine and the genomic organization resembles that of Luteoviridae [24] .
Belliot et al. characterized three different regions of the astrovirus genome (ORF1a, ORF1b and 5 end of ORF2) of 64 HAstV isolates from seven countries [2] . Phylogenetic analyses of these partial ORF sequences suggested that genotypes could be assigned equally well by analysis of any of these three regions because of high correlation among the regions. Their findings would suggest that AstV recombinants did not occur among their characterized strains.
The aims of this study were 1) to characterize four HAstV isolates whose genotyping, sequityping and antigenic typing results for the polymerase (ORF1b) and capsid (ORF2) genes resulted in conflicting classification and 2) to determine their genetic and antigenic relationships to known HAstV serotypes.
Materials and methods

Stool specimens
HAstVs were detected in two separate studies. In the first study, stool specimens were collected from 1989 to 1992 during diarrhea outbreaks among children attending childcare centers in Houston, Texas [12] . In the second study, 214 children in a periurban community of Mexico City were monitored prospectively for diarrhea from birth to 18 months of age from 1988 to 1991 [5] . All collected stool specimens were stored at −70
• C until HAstV testing.
Primers
Primer pair Mon2 [12] /DM4 (5 CTA CAG TTC ACT CAA ATG AA 3 , 5531-5550nt in HAstV-1 [Acc# L23513]) was used to amplify a 1.2 kb segment of the 3 end of the genome.
Primer pair Mon270/Mon344 [2, 21] was used to amplify a 1.2 kb segment of the transition region overlapping ORF1b and ORF2. Internal primers DM17 (5 GGT TTT GGT CCT GTG ACA CC 3 ; location 4563-4544nt in HAstV-1 [Acc# L23513]) and DM15 (5 GAT AGG CTC TCC ACT ACA CC 3 , location 3901-3920nt in HAstV-2 [Acc# L13745]) were used to amplify a ∼600 bp product from the ORF1b-ORF2 transition region of reference HAstV strains. The novel astrovirus was also genotyped by RT-PCR using Mon2/AST-S5 [11] .
Detection of HAstVs
Stool samples from Houston and Mexico obtained during diarrhea episodes were tested for HAstV by EIA [5] and RT-PCR. For RT-PCR, viral RNA was extracted from 300 L of stool suspension (10-50% in water) by a Genetron TM -TRIZOL TM method as previously described [23] . Amplicons were generated by RT-PCR utilizing a type-common primer pair, Mon348/Mon340, that targets a region of ORF1a upstream from the Pro motif and that allows detection of all eight serotypes [2] .
Typing of HAstVs
HAstV-positive specimens from Mexico were typed by EIA [5] and genotyped by RT-PCR [23] . All typing RT-PCR reagents and conditions were identical to those for typecommon detection except the annealing temperature was 40
• C (Mon2/AST-S5).
RT-PCR in the Orf1b-ORF2 region
All RT-PCR reagents and conditions were identical to those for type-common detection except the annealing temperature was 40 Sequence verification and analysis was performed using OMIGA (v2.0, Genetics Computer Group, Madison, WI). ClustalX was used to create multiple alignments of the amino acid sequences of selected isolates [22] . Nucleic acid sequences were added and aligned in GeneDoc v2.3 using the corresponding amino acid alignment as template, resulting in a consensus length of 1264nt in the junction region between ORF1b and ORF2 [20] .
Sequence analysis
Phylogenetic trees were constructed from the nucleic acid sequence alignments using the maximum likelihood algorithm of the program DNAML of PHYLIP (v 3.52c) running in UNIX environment [3] . The global rearrangement option was invoked and the order of the sequence input was randomized one hundred times.
Pairwise identity was calculated for reference types and H2067 in the transition region of ORF1b-ORF2 based on the original alignment. Identities between selected reference types and H2067 were visualized by dot plot comparison. The parameters for the dot plot were the following: window size: 25; jump size: 1; hash value: 1; and stringency: 0.85.
The nucleic acid sequence of the junction region between ORF1b and ORF2 was further analyzed to characterize the possible recombination site: the length, extent of identity and AU-GC content among all human reference strains and one animal strain (porcine [AB037272]) were evaluated. Secondary RNA structure was computed using Zuker's RNA secondary structure predicting program (http://www.ibc.wustl.edu/∼zuker/). This structure analysis was utilized to predict local secondary structure elements that may represent recombination hotspots.
Results
Detection of viral antigen by EIA and RT-PCR
Two astrovirus strains (H2002, H2067) were detected in diarrhea stool samples collected from two children during a HAstV outbreak in May 1990 at a childcare center in Houston, Texas. The other two strains (M240, M370) were detected in stool samples of diarrhea episodes in June 1990 and April 1991 from two children residing in Mexico City. All four HAstV isolates were detected by type-common EIA [5] .
Antigenic and genomic typing
Typing EIA identified M370 as HAstV-5 and M240 was untypeable [5] . EIA typing was not available for H2002 and H2067. The inability to EIA type M240 was attributed to a low titer of virus in the stool specimen, which was further suggested by the weak amplicon signal after RT-PCR amplification. The isolates from Houston were not typed by EIA. All four isolates were genotyped as HAstV-5 using Mon2/AST-S5, type-specific primers targeting the 3 end of ORF2, and the type assignments were confirmed by sequence analysis (sequence analysis data not shown) [11] . A longer amplicon of H2067 (1128bp) using primers Mon2/DM4 was sequenced.
Sequence comparison
The four isolates were 97-100% identical in the ORF1a region (246nt) and 98-100% identical at the 3 end of ORF2 (365nt). Amplicons (1255nt) were obtained for two of the four isolates (H2067 and M370) in the ORF1b/ORF2 transition region and were 99% identical to each other. Pairwise sequence comparison of 1128nt at the 3 end of ORF2 (Mon2/DM4) of H2067 confirmed it's being closest (94%) to HAstV-5.
Sequence analysis of the transition region of ORF1b-ORF2 (1264 nt consensus length) is shown in Fig. 2 . The overlapping clone was divided into two regions (5 end 576nt, 3 end 637nt) by a highly identical 52nt region. These two regions represented two different ORFs: ORF1b was represented in the 5 end (576 nt) and ORF2 was represented in the 3 end (637nt) of this clone.
Pairwise comparison of nucleotide and amino acid sequences of all reference types with H2067 is shown in Table 1 . In ORF1b (576nt), H2067 is closer to HAstV-3 (92%nt, 98%aa) than to HAstV-5 (88%nt, 96%aa). In the 5 end of ORF2 (637nt), H2067 is closer to HAstV-5 (96%nt, 99%aa) than to HAstV-3 (81%nt, 93%). Other HAstV types were less identical to H2067 in the ORF1b (84-90%nt, 94-97%aa) and ORF2 (80-83%nt, 89-92%aa) regions. Pairwise identities between selected strains (T5, T3, and H2067) are presented by dot plot, in which a higher rate of identity is represented by continuous dots (Fig. 2, diagonal) . The dot plot results demonstrated greater identity between H2067 and HAstV-3 in ORF1b and greater identity between H2067 and HAstV-5 at the 5 end of ORF2. Comparison of HAstV-3 and 5 in this transition region provided the baseline for analysis.
Phylogenetic analysis
A maximum likelihood phylogram for the 576nt region of ORF1b is in the left upper corner of Fig. 2 and shows that H2067 was closest to HAstV-3 and distinct from HAstV-5. The phylogram of the 637nt portion of ORF2 shows that H2067 was closest to HAstV-5 and distinct from HAstV-3 ( Fig. 2 , lower right tree).
RNA structure analysis
A 120nt region at the junction of ORF1b and ORF2 was selected for further sequence analysis to characterize the putative recombination site. The consensus nucleotide sequence of the region is shown in Fig. 3 . All human strains are 93-98% identical in this region. This 120nt region incorporates a 52nt region where sequence identity is 99-100% among human strains. Figure 3 demonstrates the predicted RNA secondary structure for H2067 in the 120nt junction region between ORF1b and ORF2. The predicted structure has a triple-hairpin conformation. The predicted RNA secondary structure was identical among the analyzed human strains. Although the porcine astrovirus has only 80-85% nt identity in this 120nt region, secondary structure analysis predicted the same triple-hairpin conformation (data not shown). The triple-hairpin structure includes the start codon for the capsid gene, as well as the stop codon for the Pol gene. , including the junction of ORF1b and ORF2. In the hairpin structure, the location for the start codon of ORF2 and the stop codon for ORF1b are indicated. At the bottom of the figure the consensus sequence of the corresponding regions of all reference human strains is described. Uppercase letters indicate 100% and lower case letters indicate ≥89% identity. Dots represent divergence in the nucleotide sequence of the eight reference types. The highly conserved 52nt region is underlined. In the consensus sequence, the start codon for ORF2 and the stop codon for ORF1b are highlighted
Discussion
In this study we characterize a human astrovirus strain apparently derived from naturally occurring recombination, detected in two different geographic locations and defined by EIA, RT-PCR, and phylogenetic methods. The cDNA used to obtain sequence in the transition region of ORF1b and ORF2 was generated from a single RT-PCR generating a 1.2 kb product spanning the region and was sequenced for two different isolates (one Houston and one Mexican). High identity between these sequences, the obvious change in their relationship to the reference HAstV-3 and HAstV-5 types in ORF1b and ORF2, and the lack of similar findings for 64 other HAstV strains [2] indicate that all four isolates are naturally occurring recombinants, probably derived from the same recombinant parent strain. Further, two different researchers characterized the Houston and Mexican isolates one year apart, which minimizes the chance that similarities were due to laboratory contamination.
HAstV co-infections with different antigenic types have been reported in epidemiological studies [11] . Co-infection by two different serotypes in one child provides an opportunity for recombination to occur. In addition, RNA viruses have a tendency toward recombination due to the nature of their Pol which naturally shift frame at the ORF1a/ORF1b junction [1, 6, 18, 19] .
The preferred mechanism of recombination among +ssRNA viruses is a copychoice mechanism where recombination occurs while the Pol enzyme switches from copying one RNA molecule (donor template) to another (acceptor template) without releasing the nascent strand [8] . RNA virus recombination events are classified as homologous, aberrant homologous, and non-homologous types depending on the location of the recombination site within the viral genome, and the precision of the event [10] . However, Nagy and Simon suggested a revision of the classification to sequence similarity-essential, similarity-assisted, and similarity-nonessential, based upon the mechanism of the generation and the nature of the recombinant product [18] .
Studies with brome mosaic virus (BMV), a +ssRNA plant virus which is the most frequently used model for homologous RNA virus recombination, revealed several factors that are important in RNA recombination [14] . Those factors include the length of the identical region of the sequence, degree of sequence identity, the presence of AU-rich segments in the 3 vs. relative GC-rich segments in the 5 end, and stable hairpin structures [16, 17] . In the BMV model it was suggested that homologous recombination does not require similar secondary structures between the two recombining sites of the crossover. However, for the effective extension of the 3 -end, the Pol requires a hairpin structure in the acceptor RNA region [14, 19] . Koev et al. showed that the RNA secondary structure at the recombination site plays a unique role in the promoter recognition by the viral Pol in vivo in a recombination model of barley yellow dwarf virus [9] . Natural, homologous recombinants have been demonstrated among other +ssRNA viruses, including Picornaviridae [4] and Caliciviridae [7] . In the case of Picornaviridae, poliovirus with natural recombinant genome was isolated from vaccine-associated paralytic poliomyelitis in France, detected by double restriction fragment length polymorphism assay and confirmed by partial sequence analysis [4] . In the case of Caliciviridae, calicivirus with natural recombinant genome (Arg320) was identified from a diarrhea stool sample from Argentina and confirmed by sequence analysis [7] . In the case of Luteoviridae, Koev et al. proposed that recombination has occurred during luteovirus evolution, based on sequence analyses of genetic regions of the two major genera, Luteovirus and Polerovirus [9] . In Caliciviridae and Luteoviridae the recombination events were localized at the Pol/capsid junction, which is a transition between homologous (non-structural) and divergent (structural) regions. Both of these viruses have subgenomic RNA encoding the capsid protein. In Luteoviridae it is proposed that recombination has occurred by Pol switching strand at the subgenomic promoter [9] . Neither natural nor artificially induced recombination has been detected among AstVs.
During the copy-choice mechanism of recombination the short AU rich sequence and stable hairpin structures of the donor template halt the synthesis on the nascent strand, thus providing an opportunity for the Pol to interact with the acceptor strand. These AU rich sequences also promote Pol slippage [15] . The stable hairpin structures act as replication enhancer in recruiting the Pol [17] . Long (or even short, depending on the virus) homologous sequences between the nascent RNA and the acceptor RNA facilitate the association of the nascent strand with the acceptor strand and function as a primer for the template switching and extension [14] .
RNA sequence at the suggested recombination site we observed the following: high identity among all HAstV antigenic types (120nt 93-98% including a 52nt 99-100% region) and high identity with porcine AstV sequence (80-85%) in the 120 nt region. We did not locate definite AU rich segments in the 3 vs. GC rich (or moderately AU-rich) segments in the 5 end of this region. RNA secondary structure analysis predicted similar triple stable hairpin structures for all human and porcine strains. In summary, this proposed recombination site includes a long homologous region with stable hairpin structure, which supports the classification of our isolate as a homologous or similarity-assisted recombinant.
The recombination site in our case was in the junction of Pol and capsid region similar to other viruses (Caliciviridae and Luteoviridae) [7, 9] . Astroviruses transcribe a subgenomic RNA whose start point maps within the region of the suggested recombination junction, therefore we propose that polymerase recognition of the subgenomic RNA promoter may be the reason for the recombination event similar to Luteoviridae.
We conclude that phylogenetic analysis of different genomic regions of HAstV can provide contradictory genotyping unlike a previous observation [2] . In our case, the HAstV3-5 recombinant was widespread, apparently stable and pathogenic. Therefore molecular typing methods for AstVs should utilize sequence in the capsid region (ORF2) to correlate with antigenic typing methods.
RNA recombination may contribute to evolutionarily significant RNA rearrangements in astroviruses. Nucleic acid sequence homology and similar RNA secondary structure of HAstV and animal AstVs (porcine) in this transition region of ORF1b and ORF2 may provide a possibility of recombination among AstVs from different species should co-infections occur.
